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Thrombin-binding DNA aptamer (TBA) can fold into an antiparallel unimolecular G-quadruplex (G4)
structure. Different types of modifications lead to various effects on the structure and stability of the G4
structure. Previous study has shown that a modified TBA (mTBA) that 20-deoxy guanine (dG) at positions
10 and 11 in the TBA sequence were replaced by 20-O-methyl-RNA guanine (20OMe-G) can't fold into a
well-defined G4 structure. In order to investigate the detailed structural information and probe the
instability factors, we successfully employed the replica exchange molecular dynamics (REMD) to
characterize the large conformational variations of the mTBA and systemically describe the influences of
the 20OMe-G on the mTBA in terms of conformation variations and the probability distributions of
Hoogsteen hydrogen bonds, dihedral, sugar pucker and glycosyl torsion angle. Replacing position 10 with
the 20OMe-G (20OMe-G10) induced a strong destabilization of the aptamer, while the 20OMe-G at po-
sition 11(20OMe-G11) was less destabilizing. More importantly, the glycosyl torsion angle and sugar
pucker of 20OMe-G10 were the most critical destabilization factors. These results were in good agree-
ment with the theoretical and experimental results. Moreover, the structure information can be used as
guidelines for the further design of modifications on G4 structure.
© 2019 Elsevier Inc. All rights reserved.1. Introduction
DNA and RNA sequence containing guanine rich tandem repeats
prone to fold into a variety of stable G-quadruplex (G4) structures
that have attracted a lot of interest for their special structural fea-
tures and important biological functions [1e4]. Typically, G4 is
mainly formed by G-quartets and loops which serve to connect
together the G-quartets. G-quartet is constituted by four coplanar
guanines that associate via eight Hoogsteen hydrogen bonds [5].
The highly electronegative channel is stabilized by monovalent
metal cations, such as Kþ or Naþ, located between two adjacent G-
quartets [6,7].
The most studied aptamer, thrombin-binding DNA aptamer
(TBA), with a consensus 15-base sequence, d(GGTTGGTGTGGTTGG),mer; dG, 20-deoxy guanine;
change molecular dynamics;
n.has been shown to inhibit thrombin-catalyzed fibrin clot formation
in vitro [8]. X-ray experiments showed that TBA can fold into an
unimolecular antiparallel G4 consisting of two G-quartets con-
nected by two TT loops and one TGT loop when bind to thrombin
proteinwith good specificity and high affinity [9,10]. To improve the
properties of TBA, many modifications associated with TBA have
been reported thus far, including LNA, 20-O-methyl-RNA guanine
(20OMe-G), D-/L-Isonucleoside, unlocked nucleic acid [11e14].
Albeit many different strategies have been reported, these modifi-
cations displayed different roles: either promote or destroy the
formation of G-quadruplex with a strong position and number
dependent fashion.
Probing details of the G4 structures can provide numerous of
useful information for theoretical and application research. Many
experimental methods have been utilized to capture and detect
these complicated processes, such as Single-molecule Fluorescence
resonance energy transfer (smFRET), UV, surface plasmon reso-
nance (SPR), NMR and CD [15e18]. Molecular dynamics (MD)
simulation has been successfully applied for the simulations of
nucleic acid structures and this computational tool has provide
valuable information that is not experimentally accessible [19e21].
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randomwalk in energy space, whereas replica exchange molecular
dynamics (REMD) performs random walk in temperature space
followed by the same in configuration space. In other words, REMD
simulation allowed significantly improving sampling of confor-
mational space by simulating different replicas of the system at
different temperatures and swapping between them [22]. Obvi-
ously, the exchange from low to high temperatures prevents the
system from getting trapped in one of the several local minimas.
Recently, REMD has been used to probe unfolding process of TBA
and has provided valuable insights into early unfolding and late
folding events [23,24].
In our previous study, we have successfully investigated the
structural characteristics of several TBAs modified with LNA, D-/L-
Isonucleoside, 20OMe-G by MD simulation [25,26]. In addition,
Guan et al. has showed that the modified TBA (mTBA) that both 20-
deoxy guanine at positions 10 and 11 of the TBA were replaced by
20OMe-G by CD and UV experiments which has proved that the
modified sequence can't fold into awell-fined G4 structure [12]. It is
well known that the large conformation variation of G4 structure is
a rather slow process and due to the limitation of conformational
sampling, it is hard to simulate the large conformation of G4
structure by classical MD simulation and the detailed structural
information is insufficient. In order to overcome this deficiency, for
the first time we successfully employed the REMD method to
simulate the conformation variations of the mTBA and investigate
the detailed effects of the 20OMe-G substitutions on the G4
structure.
By analyzing the clustering analysis of sampled conformations,
distributions and relationships of the structural parameters such as
Hoogsteen hydrogen bonds, dihedral, sugar pucker and glycosyl
torsion angle, we systematically revealed that the two substitutions
displayed different implications of the mTBA: the 20OMe-G10
replacement induced a strong destabilization of the aptamer, while
the 20OMe-G11 was less destabilizing. Moreover, the detailed
structural analysis indicated the glycosyl torsion angle and sugar
pucker contributed to themost destabilization effects on themTBA.
These conclusions are in agreement with the theoretical and
experimental results and indicate that REMD can be used to inquire
on the large conformation variants of G4 structures. Furthermore,
these results provide insights into the structural dynamic variations
of mTBA and can be used as guidelines for the design and modifi-
cations of G4 structure.
2. Method
The simulations were performed using the AMBER 11 suite of
programs over total simulation time of 25 ns per replica. The
starting structure was prepared by obtaining the NMR structure of
TBA (PDB entry 1C35) and the following modifications, 20OMe-G10
and 20OMe-G11, were built using LEaP module. In total, 8 replicas
were simulated with the following simulation temperatures (in
Kelvin): 300.0, 310.0, 321.0, 334.0, 353.0, 375.0, 397.0, and 420.0.
These simulation temperatures were selected to give approxi-
mately uniform acceptance ratios for exchanges between neigh-
boring replicas [27]. The 20OMe-G force field parameters weren't
developed in AMBER and we downloaded these from the amber
website (http://ambermd.org/). ff99SB force field and generalized
Born (GB) solvation model were applied to describe the G4 struc-
ture and the solvation effect, respectively. An integration time step
of 2 fs was used. The resulting system was minimized with the
steepest descent method followed by 1 ns of simulation for each
replica slowly heating them to their respective temperatures using
a Langevin thermostat. At last, the REMD simulations were con-
ducted for 25 ns of each replica at their own temperatures. Ptrajmodule of Amber was used to perform the root mean square de-
viation (RMSD) calculations, cluster analysis, Hoogsteen hydrogen
bonds, dihedral, sugar pucker and glycosyl torsion angle. The Stata
software was used to compute the probability distributions. Dis-
covery studio and pymol were used to visualize the structure and
trajectories.
3. Results and discussion
3.1. Convergence of simulations
REMD simulations of mTBA resulted in generation of 8 trajec-
tories one for each replica and the total simulation time is 200 ns To
characterize atomic fluctuation and the convergence during the
course of MD simulations, the RMSD fluctuationwas calculated and
the initial NMR structure as a reference for computing the RMSD
values. We calculated the RMSD (calculated without the Kþ ions)
during the production run at 300 K and 375 K. As shown in Fig. 1A
and B, the two RMSD curves suggested that the simulation pro-
duced stable trajectories to enable collection of snapshots for
further analysis. With respect to the initial model, the RMSD values
are over 10 Å, which is an indication of the large conformation
variations of the mTBA.
3.2. Clustering analysis
Clustering analysis can detect and classify objects into different
groups based on structural similarity. The structures from all the 8
trajectories were clustered by setting RMSD criterion for the
modified structure to probe the possible intermediate structures in
the unfolding progress. The entire REMD trajectories were divided
into five clusters and the representative structures of the three
most populated clusters were shown in Fig. 1C, D and E. The first
cluster (62.5%) showed that the twowell-defined G-quartets totally
lost the hydrogen bond interactions, especially for the terminal
guanines. It has been demonstrated that the terminal guanines
interactions are necessary for the folding process and stability [24].
The second cluster displayed a propensity of 12.5% with the two G-
quartets were totally divided into two parts, but some local base
stacking interactions were still existed. Interestingly, this phenome
is also observed in the NMR experiment and our previous SMD
simulation results, and these structural characteristics are eluci-
dated as the possible intermediate structures necessary for the
folding process of TBA [24]. The third cluster (17%) had formed an
unfolding state just behaving similar to a random coil. Obviously,
the clustering analysis results of the REMD trajectories suggested
that mTBA has lost the critical structural characteristics of G4 and
can't exist as a stable G4 structure, which are in good agreement
with previous experimental results [12]. More importantly, the
disruption process of the mTBA G4 structure can provide numerous
structural information and help us to understand the critical
destabilization factors.
3.3. Hoogsteen hydrogen bonds analysis
An important descriptor of the stability and constructed situa-
tion of G4 structure is the Hoogsteen hydrogen bonds formed by
the two G4-quartets. We computed the existence percentages of
Hoogsteen hydrogen bonds during the production run to demon-
strate the stability of the two modified G4-quartets. As shown in
Table 1, we observed that only partly hydrogen bonds were formed
and the values of percentage occupancy dramatically decreased
with the best situation is 49.64%. Compared to the second G4-
quartet-B (dG2, dG5, 20OMe-G11 and dG14), the first G4-quartet-
A (dG1, dG6, 20OMe-G10 and dG15) was more unstable with the
Fig. 1. The RMSD curves of mTBA at 300 K(A) and 375 K(B) and the representative structures of the three most populated clusters (C, D and E). The purple represents 20OMe-G, the
green represents dG and the cyan represents dT. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
Table 1
The Hoogsteen hydrogen bonds formed by the eight guanines during the REMD simulations.
Hydrogen bonds between nucleo-bases (G4-
quartet-A)
% Population Hydrogen bonds between nucleo-bases (G4-
quartet-B)
% Population
dG15@O6 OMe-dG10@N1 23.9 OMe-dG11@N7 dG14@N2 42.36
OMe-dG10@N7 dG6@N2 5.64 OMe-dG11@O6 dG14@N1 49.64
OMe-dG10@O6 dG6@N1 22.45 dG5@N7 OMe-dG11@N2 0
dG15@N1 OMe-dG10@N2 0 dG2@O6 dG5@N1 0
dG1@O6 dG15@N1 0 dG2@N7 dG5@N2 0
dG1@N7 dG15@N2 0 dG14@O6 dG2@N1 0
dG6@N7 dG1@N2 0 dG5@O6 OMe-dG11@N1 25.20
dG6@O6 dG1@N1 0 dG14@N7 dG2@N2 0
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loop, the hydrogen bonds formed by the dG10 and dG6 are more
stable than the others during the native unfolding process [28].
However, G4-quartet-A is less stable than G4-quartet-B by
comparing existence percentages and numbers of Hoogsteen
hydrogen bonds. Collectively, these evidences demonstrated that20OMe-G10 led to a significant destabilization effect than 20OMe-
G11 on the G4 structure.
3.4. Dihedral angle analysis
The flexibility of phosphor backbone of the nucleic acid is a
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torsional mobility of the G4 structure [29]. Therefore, we also
analyzed the following two dihedral angles: one dihedral
(C30eO30ePeO50) in the 50 direction as G4-A and the other one
(PeO50eC50eC40) as G4-B. As shown in Fig. 2A, the distribution of
the G4-A dihedral exhibits a main peak around 285 and a sec-
ondary peak at 85, respectively, with some minor peaks distrib-
uted along with the two peaks. Obviously, this structural feature
confers more flexibility to the phosphor backbone of G4-quartet-A
and significantly decreases the stability of G4 structure. With
respect to the G4-B dihedral (Fig. 2B), although some minor peaks
were observed, the main peak was still around 180 corresponding
to the native distribution and no obvious secondary peak was
detected. Therefore, these results indicated that the 20OMe-G11 has
minor effects on the phosphor backbone of G4-quartet-B. Accord-
ing to the dihedral angle analysis results, albeit both 20OMe-G10
and 20OMe-G11 increase the flexibility of TBA G4 quartets, we can
infer that 20OMe-G10 has more destabilization effects on the TBA
G4 structure than 20OMe-G11.
3.5. Glycosyl torsion angle analysis
The glycosyl torsion angle describes the relative glycosyl
orientation: syn conformation possesses a specific angle distribu-
tion (0e90), while anti conformation has another preference
range (180e360). It is well known that the glycosidic conforma-
tional patterns of the guanines forming the G-quartets have
important effects on the formation, stability or folding topology of
the G4 [30]. For TBA aptamer, all the guanines on the same G-
quartet adopt alternating syn/anti conformations [31]. According to
all the published structures, guanine at position 10 adopts a syn
conformation, while an anti conformation is necessary for the
guanine at position 11 [9,28]. Previously, we also investigated the
structure stability of TBA by classical MD simulation and obtained
plenty of structural information [25,26]. In order to further inquire
the destabilized factors, we thus analyzed the biased glycosyl tor-
sion angle of 20OMe-G10 and 20OMe-G11 by comparing with our
previous classical MD results.
As illustrated in Fig. 3A, the glycosyl torsion angle distribution of
20OMe-G10 at 300 K showed a single peak ranging from 20 to 100
which represents a syn conformation, but in comparation with
dG10, the average value is increased. As for the 20OMe-G11 (Fig. 3B),Fig. 2. The probability density distributions of the selected backbone dihedrals calculated
represent the native TBA and mTBA, respectively. (For interpretation of the references to cocontinuous double peaks were observed, but the distribution of
angle ranges were all within the anti conformation. Clearly, 20OMe-
G modification makes the glycosyl torsion angle of 20OMe-G10 and
20OMe-G11 more flexibility. Although we have observed some
variations of distribution, the large conformation transition has not
been captured at 300 K.
In order to further probe the effects of 20OMe-G10 and 20OMe-
G11, we analyzed the glycosyl torsion angle distributions at a higher
temperature (375 K). Interestingly, the glycosyl torsion angle dis-
tributions of 20OMe-G10 (Fig. 3C) and 20OMe-G11 (Fig. 3D) at 375 K
displayed double peaks: a main peak around 285 and the other
minor peak is around 40 , corresponding to an anti-conformation.
It is noted that all the glycosyl torsion angle of 20OMe-G10 dis-
played anti-conformation, which is converse to the dG at position
10 in native TBA. In contrast, 20OMe-G11 kept an anti conformation
in the two different temperatures. Obviously, the dominant
conformation of 20OMe-G10 is not a syn conformation which is
necessary for the TBA G4 structure. It is well known that the anti
and syn conformation transition needs to conquer a large energy
barrier, which is unfavorable for the folding process. Thus, we can
infer that the anti glycosyl conformation of 20OMe-G10 is a major
impediment for the folding and stability of mTBA G4 structure.
3.6. Sugar pucker analysis
The furanose ring in nucleic acids is conformationally flexible
and the sugar pucker describes the extent to by which the furanose
ring in nucleic acids deviates from a plane. Sugar conformation
usually defined as sugar pucker, either an RNA-like C30-endo
(North, N) conformation or a DNA-like C20-endo (South, S)
conformation, is also a valuable parameter to characterize the
nucleic acid structure [31]. Normally, S conformation possesses a
specific angle distribution: 140 e185  and N conformation has
another preference range: (10 ) 40 .
In order to avoid the steric repulsion, modified nucleotides
usually favored a certain type of sugar pucker. More importantly,
these sugar puckers are related to different glycosyl conformation.
Due to the steric consequences introduced by the modification
group, the N conformation rather disfavors the syn glycosyl
orientation, but the anti-conformation is not so sensitive to the
sugar pucker [31]. In order to inquire the impacts of the 20OMe-G
modifications on the G4 structure, we carried out the sugar puckerover the whole production runs. A. G4-A; B. G4-B. The purple line and the green line
lour in this figure legend, the reader is referred to the Web version of this article.)
Fig. 3. The distributions of glycosyl torsion angle of 20OMe-G10 and 20OMe-G11 at 300 K and 375 K. A. 20OMe-G10 at 300 K; B. 20OMe-G11 at 300 K; C. 20OMe-G10 at 375 K; A.
20OMe-G11 at 375 K.
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As shown in Fig. 4A and B, the distributions exhibited two peaks,
a main peak around 180 and the other one is around 40, corre-
sponding to S conformation and N conformation, respectively. The
conformational distribution of 20-dG in the two G-quartets of the
TBA aptamer is well defined and all sugar puckers are SFig. 4. The probability density distributions of sugar pucker ofconformations [31]. In comparation with S conformation, N
conformation is not favorable for the folding process and will
decrease the stability of TBA G4 structure. As we have mentioned
above, 20OMe-G11 adopts an anti glycosyl conformation which is
not sensitive to the sugar pucker, suggesting that the introduction
of the 20OMe-G at position 11 has small negative structural impacts.20OMe-G10 and 20OMe-G11. A. 20OMe-G10; B. 20OMe-G11.
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conformation which is necessary for the formation of G4 structure.
Clearly, in order to fold into a native-like TBA G4 structure, the
20OMe-G10 has to change its native anti conformation and main-
tain the syn/N conformation that is not supported on the steric and
energy aspects. These results also can explain why the 20OMe-G10
preferred to exist as an anti conformation. As for 20OMe-G11, it does
not require to change glycosyl conformation and easily adopt the
essential conformation for the folding process. Collectively, these
distributions demonstrated that mTBA can't fold into a native-like
G4 structure and the N conformation of 20OMe-G10 is also a ma-
jor interfering factor.
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